T
IrE gravimetric technique is a recently developed alternative to the conventional dryingweighing procedure a for the determination of tissue water content. It is based on the measurement of specific gravity (SG) of brain tissue. 7,s However, in spite of some advantages such as technical simplicity and the possibility of using small tissue fragments of a few milligrams, some theoretical and technical problems of this new technique still remain unsolved. Theoretically, the value of SG should be influenced not only by changes in tissue water content itself but also by alterations of other factors, such as cerebral blood volume (CBV) and brain lipids. The CBV is of particular interest, because the SG of blood is always higher than that of brain tissue. The influence of SG of blood may become important when studying edema in an ischemic brain or in a brain with increased CBV as in cases of subaraclmoid hemorrhage? These problems have been studied in detail with the help of a recently developed automatic device for the preparation of the gradient column used for gravimetry.
In the conventional drying-weighing method, the use of small tissue fragments, although desirable, increases the margin of error as compared to the gravimetric technique. For this reason, we have used an improved method which aUows accurate determination of brain-tissue water content, even from fragments weighing only about 100 nag, by vacuum freezedrying and weighing the tissue samples. In the present study, the methodology of gravimetry and dryingweighing are compared and submitted to critical analysis.
Materials and Methods

Automatic System for Producing Gradient Column
A diagram of the automatic system for producing the gradient column is shown in Fig. 1 . Two glass beakers are positioned in parallel on a shelf above the column in which the gradient solution is to be produced. Beaker A has one inlet from beaker B and two outlets to the column for the gradient solution. Beaker A contains the solution of higher density, A. Beaker B has one outlet to beaker A and contains the less dense solution, B. Later, a solid plastic cone is placed upside down in beaker B, the section of which decreases linearly. Once the cone is placed in beaker B, solution B can flow out with a linear increase in volume. By using a float to which the two outlet tubes are connected, the gradient solution can be prepared automatically.
For the measurement of SG of brain tissue, the SG's of solutions A and B are adjusted at 1.070 and 1.020, respectively. When preparing the solutions of bromobenzene (BB) with an SG of 1.494 and of kerosene (K) with an SG of 0.800, the following equations can be used:
vol of K = vol of solution A or B -vol of BB. (2) The total volume of the gradient column employed by us was 900 mi; the volumes of solutions A and B were 490 ml and 410 ml, respectively. Before solutions A and B are poured into each beaker, all connections are clamped. The cone is then placed in beaker B so that the surface of both solutions is at exactly the same height. Solution A is slowly stirred at the bottom of beaker A with an electric mixer, then the connections are unclamped, and the gradient solution can be produced in 30 minutes.
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After use, the gradient solution is siphoned out and saved for reuse, as follows: the lower, more dense, part of the column is siphoned into stock solution A, and the upper, less dense portion into stock solution B. The solution is siphoned through a paper falter, thus clearing it of brain-tissue fragments and calibration droplets. In the present study, the SG of stock solution A was about 1.06 and of B about 1.03. These stock solutions can be used for the subsequent preparation of solutions A and B, for which they require the addition of about 20 ml each of fresh BB and K according to the following formulas: 
Calibration of the Gradient Column
The method of calibrating the gradient column is illustrated in Fig. 2 . Standard K2SO4 solutions with various concentrations and, consequently, various SG's (1.030, 1.035, 1.040, 1.045, 1.050, and 1.055), were prepared based on a calculated regression line using the values reported by Weast. 12 Drops of the calibration solutions, with a diameter of 5 mm, were carefully introduced into the gradient column. A linear regression line and correlation coefficient were obtained from the points of equilibration.
Determination of Optimum Tissue Size and Measuring Time
Five adult mongrel cats, each weighing about 3 kg, were sacrificed by an overdose of pentobarbital. The brains were stored in a cooled humid glass chamber. Equilibration time-course curves were obtained using various sizes of tissue fragments from cortex and white matter, weighing between 1 and 100 mg. The mean SG values were obtained from more than three tissue fragments for each measurement.
Distribution of Specific Gravity in Control Animals
Under optimum measuring conditions as determined previously, the SG of brain tissue was measured in 12 cats sacrificed by an overdose of pentobarbital or by exsanguination. In some cases, SG of blood was also measured using the gradient column. Blood hemoglobin content was determined simultaneously. There is no difference in specific gravity between these blood samples.
Determination of CB V and SG of Bloodless Brain
Assuming the total volume of brain tissue to be equal to 1, CBV and volume of brain tissue alone, excluding intravascular blood, can be expressed as x and 1 -x, respectively (Fig. 3) . The SG of blood or of an intravascular perfusate, a, and the SG of the whole-brain tissue, A, can be measured. If the SG of the brain tissue alone is expressed as y, the following equation can be introduced: ax + y(1 -x) = A. If a and A are obtained from two different brains under comparable conditions of constant CBV, then x, 1 -x, and y can be calculated. For this purpose, values obtained from a normal brain containing intravascular blood and those of a brain perfused with isotonic saline were used, considering that the marked difference in SG between such animals contributes to reducing errors in calculation. The SG of saline was expressed as b, and the SG of the saline-perfused brain tissue as B. Thus, bx + y(1 -x) = B. The effect 
FIG. 4.
Equilibration time-course curves after tissue insertion using large (50 mg) and small (2 rag) samples from cerebral cortex and white matter. Each point shows the mean results obtained from five tissue fragments. Note the great difference between tissue sizes, and between cortex and white matter. Furthermore, the mean value of standard deviation is large when small tissue fragments are used.
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one additional cat was exsanguinated during saline infusion into the cisterna magna at a pressure above 200 mm Hg. Values of SG obtained from this animal were compared to those calculated theoretically.
Direct Measurement of Brain-Tissue Water Content by Vacuum Freeze-Drying
Small sections of brain tissue weighing 100 to 200 nag were stored in preweighed plastic test tubes sealed with a cap. After determination of their wet weight using a Saltorius scale (with an accuracy of 0.0001 gm),* samples were dried for 48 hours in a Leybold vacuum freeze-drying apparatus with perforated capst at a pressure below 1 • 10 -2 torr. Dry-tissue weight was then determined, and the percentage of brain-tissue water content was calculated using the following equation? % water content = wet weight -dry weight • 100%. (7) wet weight
Ten empty tubes were also dried and weighed for calculation of error correction.
Results
Gradient Uniformity
Gradient columns produced as described always showed a high degree of linearity, with a correlation coefficient higher than 0.99990 for all six calibration points (Fig. 2) .
Optimum Measuring Conditions
Analysis of the time course of spontaneous changes of SG in tissue samples showed that the values obtained were more accurate when tissue volumes as large as 50 mg were used, and SG was measured 1 minute after the tissue was inserted into the gradient column (Fig. 4) . When tissue samples weighed only a few milligrams, a definite equilibration could not be obtained even after 5 minutes, presumably because of dissolution of brain lipids by the solvents contained in the gradient column.
Distribution of SG of Brain Tissue in Control Animals
Values of SG from cortex, white matter, pons, and cerebellum for each cat are shown in Fig. 5 . The brains that had not been rendered anemic (Cats 5 to 12) had higher SG than the brains that had been exsanguinated (Cats 1 to 4). Values were widely scattered between 1.040 and 1.045, making it difficult to determine normal values. In the non-anemic group, SG of cortex was higher than that of white matter, whereas this relationship was reversed in the anemic group. These data suggest, by themselves, that CBV may influence the SG of whole-brain tissue.
* Saltorius scale, Type 2462, manufactured by Saltorius Werke, G&tingen, West Germany.
t Leybold freeze-drying apparatus, Type GT 1,5 manufactured by E. Leybold GmbH, 5000 KSln-Bayental, West Germany.
FIG. 5.
Distribution of specific gravity values in 12 control cats. In cases with lower specific gravity, the brains were more or less anemic. Note the difference of specific gravity between cortex and white matter, showing a reverse relationship between those with higher specific gravity and those with lower specific gravity.
Correlation Between SG of Brain Tissue and of Blood
A close relationship was observed between the SG of brain tissue and that of blood (Fig. 6) . Further, SG of blood was also dependent on blood hemoglobin content. When the hemoglobin content was above 10 gm%, SG of cortex was higher than that of white matter, and vice versa.
Determination of CB F and SG in a Bloodless Brain
In the samples from the control animal (Cat 1, Table 1 ), which contained intravascular blood, the SG of cortex was higher than that of white matter, and the SG of blood was 1.0672. In contrast, in the brain perfused with saline (SG 1.0064, Cat 2), the brain-tissue SG was markedly decreased, and the SG of cortex was lower than that of white matter. The calculated CBV was 6.74% in cortex and 2.80% in white matter. The SG of brain tissue alone in Cats 1 and 2 was 1.0422 and 1.0425, respectively. Thus, the theoretically calculated difference in SG between the normal and the bloodless brain was 0.0017 for cortex and 0.0007 for white matter. On the other hand, in the completely bloodless brain (from Cat 3), the measured SG was 1.0424 in cortex and 1.0429 in white matter, which corresponds well with the values calculated for brain tissue alone.
When the difference in SG between the normal and the bloodless brain is applied to the following equation for percentage change in tissue volume as water as proposed by Nelson 
where SGt --SG of tissue, SG, = SG of tissue solids. gt = weight of tissue (gm), and g~ = weight of tissue solids (gm). As shown in Equation 9, SGs can be determined from values of SGt and of the gt/g~ ratio, without measuring SG~ directly in the gradient column. The gt/g~ ratio can be calculated from weighing both wet and dry tissues. Once the brain water content is obtained from the conventional drying-weighing procedure, the gt/g~ ratio can be determined as follows: 
As will be shown in the next section ( 
Microdetermination of Regional Brain Water Content
The mean values of regional water content in brain tissue were obtained from 18 areas of the cerebral hemisphere in 13 cats ( Table 2 ). The extremely uniform distribution of water content in cortex ranging from 79.82% to 81.42% confirmed the accuracy of the newly devised drying-weighing method. In contrast, the values of water content in white matter were T. Shigeno, et al.
distributed over a wide range from 65.95% to 72.54% with a correspondingly larger standard deviation. It is of interest to note that the frontopolar white matter had the highest water content, while the Sylvian white matter had the lowest; the difference between these two areas was statistically significant (p < 0.01).
Discussion
Preparation of the Gradient Column
The gravimetric technique of Nelson, et al., s has greatly facilitated the determination of brain-tissue water content. However, manual preparation of the gradient column by layering the less dense solution on top of the denser solution and subsequently mixing them, as originally proposed, does not ensure strict linearity, even in skilled hands. Later, Marmarou, et aL, 7 reported a semi-automated method, an excellent innovation despite the difficulty in keeping the height difference between the solutions of less and greater density and in maintaining the flow outlet above the surface of the gradient column. The completely automatic method, as devised by Hahm 5 and used in the present study, ensures uniformity of the gradient column without any skill or experience.
Optimization of Measurement Conditions
As compared to the drying-weighing procedure, the gravimetric technique seems to have the advantage of permitting the use of small tissue fragments weighing only a few milligrams. However, it is difficult to determine with accuracy the equilibration of such small tissue samples in the gradient column. This is not the case when tissue fragments weighing more than 30 nag are used. Also, standard deviation is much less than that of small tissue fragments.
One explanation for the continuous sinking of tissue fragments in the gradient column may be dissolution of lipids in the organic solution. This is confirmed by observations in our own laboratory that samples ~" lumbar disc tissue, even when they weigh only a few milligrams, attain equilibration within 2 minutes, possibly due to the almost complete absence of lipids. For this reason, immersion of brain tissue in a kerosene solution to prevent evaporation of water, as proposed by some authors, 4,1~ should be considered a source of error. On the other hand, when brain-tissue samples are Carefully stored in a cool and humid chamber, SG does not change for 1 to 2 hours.
Those observations lead to the conclusion that it is not appropriate to use too small tissue samples, weighhag only a few milligrams, or to determine SG later than 2 minutes after the tissue is inserted into the gradient column. Hahm 5 has determined SG 30 seconds after tissue insertion of 30-mg samples. The 1-minute value has been used in the present study, because samples weighing between 30 and 50 mg continue to sink even after 30 seconds. We have also found that comparison of SG values reported by Comparison of the control SG values reported in the literature (Fig. 7) shows that SG of brain tissue in mice and rats is apparently higher than that of cats. However, data available vary considerably even in the same species, probably due to the differing conditions of measurement. Interestingly, cortical SG was higher than that of white matter in the study of Hahm 5 and in our material, as opposed to the f'mdings of Marmarou, et aL 7 Torack, et aL, 11 measured SG of human brain obtained at necropsy and found almost no difference in SG between fresh brain tissue and that immersed in 10% formalin solution following perfusion-fixation. They concluded that formalin-fixed brains can be used for the determination of SG. However, this conclusion appears questionable since 10% formalin solution is strongly hypertonic. We have also determined the SG of brains perfused with 10% formalin and 20% mannitol, and found a marked increase in SG of 0.02 in both instances. Thus, the findings of Torack, et al., H may be explained by postmortem penetration of formalin solution into the brain tissue in the course of fucation, since the SG of 10% formalin solution is much lower than that of brain tissue.
Effect of Changes in CB V on Specific Gravity
As we have mentioned, the considerable differences in SG between individual animals of the same species may be due to differences in tissue blood volume. A new method for the determination of CBV has been developed, using the difference in SG between the intravascular perfusate and the brain tissue of two animals. This approach appears to open new methodological possibilities, but still needs further elaboration and analysis. It permits calculation of regional CBV at any anatomical site. The values calculated for CBV in the present study are in good agreement with data from other investigators. 2,6 The decrease in SG of about 0.002 in cortex and 0.001 in white matter in a bloodless brain is responsible for a false volume increase of about 4% for cortex and 2% for white matter when the equation of Nelson, et a/.,8 for percentage change in tissue volume as water is applied. Thus, it becomes apparent that SG may decrease due to a decrease in tissue blood volume, as observed in the early stages of occlusive cerebral ischemia prior to the development of cerebral edema. 1,4,1~ Fujimoto, et al., 4 observed a slight decrease of 0.0015 in SG 5 minutes after unilateral carotid occlusion in the Mongolian gerbil, and concluded that it was the result of cytotoxic edema (Table 3 ). In a recent study by Symon, et al. lo in the baboon, occlusion of the middle cerebral artery for 1 to 2 hours caused a significant increase of 1.14% in cortical water content as calculated by Nelson's equation. This was also attributed to early cytotoxic edema. Furthermore, a close relationship was found between the decrease in cerebral blood flow (CBF) and the increase in water content. 
Evaluation o f the Conventional Drying-Weighing M e t h o d
The improved method o f v a c u u m freeze-drying introduced here has made it clear that the water content can be directly measured with acceptable accuracy even in samples o f brain tissue weighing only about 100 nag. This method was developed in association with the measurement o f CBF by means o f labeled microspheres; 9 one advantage is the simultaneous measurement o f CBF and o f brain water content. As opposed to cortex, white matter shows a wide regional variation in water content, possibly indicating that water can shift more freely in white matter than in cortex. +4.03% -0.0007 +0.49% + 1.65% * Reported values of specific gravity from brains with possible ischemic edema in comparison with values from bloodless brains by the present authors. MCA = middle cerebral artery.
Conclusions
Although, as compared to the drying-weighing method, the gravimetric technique offers some advantages such as technical simplicity and the possibility of using small tissue fragments, SG is clearly influenced by CBV, and thus its changes cannot always be considered to reflect actual changes in tissue water content. Normally, SG is almost uniform throughout the cerebral hemispheres both in cortex and white matter. In contrast, determination of brain water content by vacuum freeze-drying and weighing yields marked regional differences in water content within the white matter but not in cortex, indicating another source of error when water content is assessed to determine the degree of cerebral edema. Both methods, then, require particular care when applied to studies on cerebral edema.
